The minor allele of the R620W missense single-nucleotide polymorphism (SNP) (rs2476601) in the hematopoieticspecific protein tyrosine phosphatase gene, PTPN22, has been associated with multiple autoimmune diseases, including rheumatoid arthritis (RA). These genetic data, combined with biochemical evidence that this SNP affects PTPN22 function, suggest that this phosphatase is a key regulator of autoimmunity. To determine whether other genetic variants in PTPN22 contribute to the development of RA, we sequenced the coding regions of this gene in 48 white North American patients with RA and identified 15 previously unreported SNPs, including 2 coding SNPs in the catalytic domain. We then genotyped 37 SNPs in or near PTPN22 in 475 patients with RA and 475 individually matched controls (sample set 1) and selected a subset of markers for replication in an additional 661 patients with RA and 1,322 individually matched controls (sample set 2). Analyses of these results predict 10 common (frequency 11%) PTPN22 haplotypes in white North Americans. The sole haplotype found to carry the previously identified W620 risk allele was strongly associated with disease in both sample sets, whereas another haplotype, identical at all other SNPs but carrying the R620 allele, showed no association. R620W, however, does not fully explain the association between PTPN22 and RA, since significant differences between cases and controls persisted in both sample sets after the haplotype data were stratified by R620W. Additional analyses identified two SNPs on a single common haplotype that are associated with RA independent of R620W, suggesting that R620W and at least one additional variant in the PTPN22 gene region influence RA susceptibility.
Introduction
Autoimmune diseases (MIM 109100) afflict up to 5% of the population and are characterized by an aberrant immune response to self-antigens (Marrack et al. 2001; Wandstrat and Wakeland 2001) . The mechanisms of disease initiation and persistence are poorly understood, but genetic factors appear to play a major role. In humans, disease-specific familial clustering has been demonstrated for most common autoimmune diseases, and concordance is generally higher for MZ twins than for DZ twins. Furthermore, it appears that different autoimmune diseases share susceptibility loci. These diseases can overlap in single individuals and in families (Lin et al. 1998; Prahalad et al. 2002; Alkhateeb et al. 2003) . For example, parents of children with type 1 diabetes (T1D [MIM 222100]) have increased rates of T1D and other autoimmune diseases (Tait et al. 2004) , and a recent study of relatives of 1,214 patients with systemic lupus erythematosus (SLE [MIM 152700]) showed familial aggregation of not only SLE but also RA and other autoimmune diseases (Alarcon-Segovia et al. 2005) . Additionally, loci identified by linkage studies in different human autoimmune diseases and in mouse models of autoimmunity cluster together (Becker et al. 1998; Wandstrat and Wakeland 2001) .
With the exclusion of the human leukocyte antigen (HLA) region, attempts to identify genetic variants that confer risk of multiple autoimmune diseases have proven difficult, and, although some genes in the HLA region affect risk of multiple autoimmune diseases, different alleles are typically risk factors for different diseases. Ueda et al. (2003) have reported that a common variant of CTLA4 is associated with both T1D and Graves disease (MIM 275000), and several other reports suggest that a variant of another member of the CTLA4 family of Tcell regulatory receptors, PDCD1, may also predispose individuals to several autoimmune diseases (Prokunina et al. 2002 (Prokunina et al. , 2004 Nielsen et al. 2003; Lin et al. 2004 ). In addition, variants in the CARD15 and SLC22A4/ SLC22A5 genes appear to play a role in both Crohn disease (MIM 266600) and psoriatic arthritis (Hugot et al. 2001; Rahman et al. 2003; Ho et al. 2004; Peltekova et al. 2004) , and a recent study suggests a functional variant of FCRL3 may be associated with RA, SLE, Graves disease, and Hashimoto thyroiditis in Japanese (Kochi et al. 2005) .
Perhaps one of the best examples of a non-major histocompatibility complex (MHC) common susceptibility allele for autoimmunity is the R620W SNP (rs2476601) in the cytoplasmic protein tyrosine phosphatase gene, PTPN22 (reviewed by Siminovitch [2004] and Gregersen [2005] ). The W620 allele has been consistently associated with increased risk for T1D (Bottini et al. 2004; Onengut-Gumuscu et al. 2004; Smyth et al. 2004; Criswell et al. 2005; Ladner et al. 2005; Qu et al. 2005; Zheng and She 2005; Zhernakova et al. 2005) , rheumatoid arthritis (RA [MIM 180300]) Criswell et al. 2005; Hinks et al. 2005; Lee et al. 2005; Orozco et al. 2005; Simkins et al. 2005; Steer et al. 2005; Van Oene et al. 2005; Viken et al. 2005; Zhernakova et al. 2005) , SLE (Kyogoku et al. 2004; Criswell et al. 2005; Orozco et al. 2005) , Graves disease (Smyth et al. 2004; Velaga et al. 2004; Skorka et al. 2005) , and juvenile idiopathic arthritis (Hinks et al. 2005; Viken et al. 2005) , and there are single reports of association with autoimmune Addison disease (Velaga et al. 2004 ) and Hashimoto thyroiditis (Criswell et al. 2005) . However, no association has been seen with multiple sclerosis (MS [MIM 126200]) Criswell et al. 2005; Hinks et al. 2005; Matesanz et al. 2005) , primary sclerosing cholangitis (Viken et al. 2005) , Crohn disease (Van Oene et al. 2005) , or psoriasis vulgaris (MIM 177900) (Hinks et al. 2005; M. Cargill, unpublished data) , which indicates that this SNP is a risk allele for some but not all autoimmune diseases.
These genetic data suggest that autoimmune diseases associated with the W620 risk allele of PTPN22 may share a common etiology. Although phosphatases are known to be crucial for maintaining immune-cell homeostasis, the specific function of PTPN22, otherwise known as "Lyp" (lymphocyte phosphatase) (Cohen et al. 1999) , is poorly understood. More information is available for the mouse ortholog, PEP, which serves as a negative regulator of T-cell activation via interaction with the c-Src tyrosine kinase, Csk (Cloutier and Veillette 1996) . PEP also appears to modify the phosphorylation state of regulatory tyrosines on other Src family kinases, such as Lck, Fyn, and ZAP-70 (Cloutier and Veillette 1999; Gjorloff-Wingren et al. 1999) . Correspondingly, knockout mice deficient in PEP show selective disregulation of the effector/memory T-cell compartment with enhanced activation of Lck, hyperproliferation, and exaggerated early-signaling responses in restimulated T cells. These mice also spontaneously develop germinal centers and increased serum levels of certain immunoglobulin isotypes; however, they do not display overt signs of autoimmunity (Hasegawa et al. 2004) .
The R620W SNP lies in the protein's N-terminal SH3-binding domain, which is necessary for interaction with Csk (Gregorieff et al. 1998) . In vitro experiments show that the W620 variant of PTPN22 binds less efficiently to Csk than the R620 variant does Bottini et al. 2004) , suggesting that T cells expressing the W620 allele may be hyperresponsive; consequently, individuals carrying this allele may be more prone to autoimmunity.
Given the fundamental role of PTPN22 in autoimmunity, we wished to characterize the extent of linkage disequilibrium (LD) across this gene, define the common PTPN22 haplotypes, and determine whether variants other than W620 predispose individuals to the development of RA. Accordingly, we sequenced the coding regions of this gene in 48 white North Americans with RA to identify novel SNPs, developed assays for a subset of these SNPs as well as others from public databases, and genotyped two large RA case-control sample sets. The results not only support the notion that R620W is a major RA risk site in this region but also suggest that at least one other genetic variant in this region, independent of R620W, predisposes individuals to RA.
Material and Methods

Samples
A detailed description of the case and control samples is provided elsewhere . In brief, sample set 1, which consists of 475 individuals with RA and 475 individually matched controls, was obtained by Genomics Collaborative. All case samples were from white North Americans who were rheumatoid factor (RF) positive and whose condition met the 1987 American College of Rheumatology diagnostic criteria for RA. Control samples were taken from a pool of healthy white individuals with no medical history of RA. A single control was matched to each case on the basis of sex, age ‫5ע(‬ years), and ethnicity (grandparental country/region of origin). All protocols and recruitment sites were approved by national and/or local institutional review boards, and informed written consent was obtained from all subjects.
Cases in sample set 2 were obtained by the North American Rheumatoid Arthritis Consortium (NARAC) (see NARAC Web site) and consisted of members from 661 white North American multiplex families (Jawaheer et al. 2001 (Jawaheer et al. , 2004 . Both RF-positive and RF-negative patients are included in this sample set. Controls were selected from 20,000 healthy individuals who are part of the New York Cancer Project, a population-based prospective study of the genetic and environmental factors that cause disease (see AMDeC Web site). Two control individuals were matched to a single, randomly chosen, affected sib from each NARAC family on the basis of sex, age (decade of birth), and ethnicity (grandparental country/region of origin). Informed written consent was obtained from every subject.
PTPN22 Sequencing
To identify novel variants in PTPN22, 48 patients from sample set 1 who represented all three R620W genotypes (CC, CT, and TT) were selected for resequencing. Sequence data from all 21 annotated exons of PTPN22, which spans close to 58 kb, were extracted from the R27 draft of the Celera human genome sequence (see Celera Web site). Primers were designed using the Primer3 program and included the M13 forward (5 primer) or reverse (3 primer) universal sequencing primer-binding sequence at their 5 ends. (Primer sequences are available on request.) Standard PCR reactions were performed in a 96-well format by use of the Applied Biosystems 9700 thermocycler (denaturation at 96Њ for 5 min, followed by 40 amplification cycles at 94Њ for 30 s, 60Њ for 45 s, and 70Њ for 45 s, and then an extension at 72Њ for 10 min). Unincorporated dNTPs and primers were removed with shrimp alkaline phosphatase/exonuclease, and the product was used as the template in a 7-ml Big Dye Terminator (Applied Biosystems) sequencing reaction on the AB9700 (denaturation at 96Њ for 2 min, followed by 35 amplification cycles at 96Њ for 10 s, 50Њ for 30 s, and 60Њ for 1 min). Samples were precipitated using the EtOH/NaOAc protocol recommended by Applied Biosystems, were resuspended in deionized distilled water, and were loaded on the Applied Biosystems Prism 3730 DNA Sequencer. Sequence traces were assembled and analyzed using a modified version of the PolyPhred software package. Skilled sequence annotators reviewed all predicted variants.
SNP Selection
In addition to R620W, assays for 36 SNPs in and around PTPN22 were successfully built and genotyped in sample set 1. To minimize the amount of genotyping yet retain as much statistical power as possible to detect disease-associated SNPs, we applied the program Redigo (Hu et al. 2004) , which identified seven tagging SNPs for replication (SNPs 1, 18, 20, 22, 27, 35 , and 36 in table 1). We included three additional SNPs (SNPs 2, 32, and 37) on the basis of functional categorization (putative transcription factor binding sites [TFBSs] and UTR) and one SNP (SNP 21) with the most significant allelic disease-association P value in sample set 1. Three other SNPs with a minor-allele frequency !5% (SNPs 23, 28, and 34), which were not in the Redigo selected set, were included to increase the power of detecting association for rare SNPs. In all, 14 SNPs, including the R620W SNP, were genotyped in sample set 2 (see table 1 for a complete list of SNPs). Elsewhere, we have reported the results for R620W in sample set 1 and the first 463 families and 926 controls of sample set 2 ).
Genotyping Methods
Genotypes were generated by kinetic, allele-specific PCR (Germer et al. 2000) . In brief, 0.3 ng of DNA was amplified in a 15-ml reaction containing allele-specific primers. (Primer sequences are available on request.) Genotyping calls were made automatically using custom software and were subsequently hand-curated before statistical analysis. Genotyping accuracy has been estimated to be 199.8% by comparison with an independent method.
LD Analysis
To better understand the genetic structure of this region, we calculated the LD measures D and r 2 between every marker pair in each sample set, using the LDMAX program in the GOLD package (Abecasis and Cookson 2000) (the nonsense SNP, SNP 9, which was found on only one chromosome, was excluded). We then employed Spotfire software to generate a graphical representation of the r 2 LD matrix for the sample set 1 control data.
Haplotype Estimation
The Haplo.stats package was used to predict haplotypes and to directly estimate their frequencies for the 14-marker data in both sample sets as well as to test for haplotype association with RA via a permutation procedure (Schaid et al. 2002) . Because of the computational limitations of the haplotype-estimation algorithm within Haplo.stats when looking at large numbers of markers, SNPHAP was used to predict haplotypes for the 36- a Alleles are listed in order from the 5 end of the gene to the 3 end. b All TFBSs are putative and have not been experimentally confirmed. c Positions are according to genomic contig NT_019273. The minor allele is listed first, followed by the position and then the major allele. The alleles are oriented according to transcript NM_012411, which is the reverse complement of the genomic contig sequence.
d ORs and 95% CIs are estimated for the minor allele of each SNP. P values for allelic association with disease were calculated using Fisher's exact test. NC p not calculated. marker data (SNP 9, the rare nonsense SNP, was excluded). To ensure that these two algorithms yielded similar results, we also used SNPHAP to analyze the 14-marker data from both sample sets and compared the results with those generated by Haplo.stats; the results from the two algorithms were similar.
Haplotype-Method Analysis
To determine whether other PTPN22 variants predispose individuals to RA independent of R620W, the haplotype method was applied to the 14-marker data in both sample sets (Thomson et al. 1988, Valdes and Thomson 1997) . Haplotype frequencies were directly estimated using an expectation-maximization algorithm implemented in SNPHAP. To determine whether R620W by itself could explain all the association with RA in this region, we removed all chromosomes carrying the risk T allele (W620), which uniquely defines haplotype 2, from the data and then examined the remaining 13 SNPs on haplotypes carrying the C allele (620R) for disease association, using a permutation procedure to assess significance (Li 2001) . We also conducted haplotype-method pairwise analyses between R620W and every other SNP to identify those SNPs that showed evidence of 620W-independent association with disease. To address whether SNP 27 is a risk factor independent of R620W and SNP 37, we removed all chromosomes carrying either W620 or the SNP 37 risk allele (C) and examined the remaining chromosomes for association of SNP 27 with RA.
CLR Analysis
To independently confirm the haplotype-method analysis results, and at the same time to address possible inaccuracies or bias that could have arisen from the estimation of haplotype frequencies in the haplotype method, we used conditional logistic regression (CLR) on the unphased 14-marker genotype data, to examine the genotypic associations of the individual PTPN22 markers in each of the study sample sets after adjusting for the previously identified R620W risk marker (with or without the other known genetic risk factor, HLA-DRB1) and accounting for the matching between cases and controls (Breslow and Day 1980) . HLA genotypes were binned as described elsewhere . Tests for trend in increasing odds ratios (ORs) were performed under the assumption of an additive model by entering the number of risk alleles into the regression model.
RPE and Haplotype Regression Analyses
To assess whether haplotypes 2 and 4 were sufficient to explain the association with PTPN22, we first employed a test similar to the relative predispositional effects (RPE) method (Payami et al. 1989 ) in which haplotypes 2 and 4 were removed from the 14-marker haplotype data and a x 2 test of heterogeneity was conducted for the remaining haplotypes. To assess the relative effects of the individual haplotypes on RA status, we used the haplotype regression method (Lake et al. 2003 ) from the Haplo.stats package to model the disease status as a function of the common haplotypes with or without the other known genetic risk factor, HLA-DRB1. We modeled the haplotype effects under an additive model and only included haplotypes with frequencies 11% in the regression analysis.
Diplotype Analysis
To better understand the disease-predisposing effects at selected SNPs, diplotypes were estimated from the unphased genotype data by use of a pseudo-Gibbs Sampler algorithm (Stephens et al. 2001) implemented by SNPAnalyzer (Yoo et al. 2005) . The diplotype estimation procedure was performed separately on cases and controls for individuals with complete genotype data at both sites, and the most likely pair of haplotypes for each individual was selected by the program. CLR was used to assess the association of the inferred diplotypes with RA risk, relative to the most common diplotype.
Results
PTPN22 Sequencing in Patients with RA
We sequenced 960 bases of 5 sequence, all exons and intron/exon boundaries, and 1,460 bases of 3 sequence of PTPN22 in 48 RF-positive individuals from sample set 1. On average, we successfully sequenced 37 individuals for each amplicon (coverage ranged from 21 to 48 individuals) and identified 32 SNPs, 15 of which were not found in public databases (table 2) . Of these 15, 2 were coding region SNPs (cSNPs): one cSNP was a missense SNP in a nonconserved residue of the catalytic domain (R263Q), and the other was a nonsense SNP (R183X) also in the catalytic domain ( fig. 1A ). Minor alleles of both cSNPs were observed on only one chromosome in these 48 individuals.
PTPN22 SNP Genotyping and Single-Marker Association
We genotyped 37 SNPs in the region of the PTPN22 gene ( fig. 1A ) in sample set 1 (475 independent cases and 475 individually matched controls). As we reported elsewhere for this sample set , the W620 allele (SNP 22 [rs2476601]) was significantly enriched in cases compared with controls (allele frequency was 13.8% in cases and 8.9% in controls) (P p ; allelic ); however, alleles at many Ϫ4 6.6 # 10 OR p 1.65 of the other 36 markers also showed significant association with RA (table 1). The minor allele of the novel missense SNP (R263Q) was present at a frequency of 2.4% in cases compared with 1.7% in controls and was not significantly associated with disease ( ). The P p .33 minor allele of the nonsense SNP (R183X) appeared on only one chromosome in this sample (in the case patient in whom it was originally identified) and was excluded from all subsequent analyses. Interestingly, this sample was from a woman with RA onset at age 64 who was negative for the HLA-DRB1 shared epitope and who carried two copies of the R620 PTPN22 allele.
Given that the genotypes at many of these 37 SNPs are correlated due to strong LD across this gene (see below), we sought to minimize the amount of genotyping in sample set 2 (661 independent cases and 1,322 individually matched controls) by selecting 14 markers for replication (see the "Material and Methods" section for the selection procedure). Of the 14 markers tested,
Figure 1
Gene structure and LD of PTPN22. A, Location and functional domain types of the 37 SNPs genotyped in sample set 1. Missense variants are colored in red; the nonsense variant is colored in red and marked by an asterisk (*); putative TFBSs are colored in blue; and sites within the 5 and 3 UTRs are colored in green. B, Pairwise LD between 36 SNPs (excluding the rare nonsense SNP 9), as measured by r 2 in 475 controls from sample set 1. The indexes of the SNPs (table 1) were arranged vertically from SNP 2 to SNP 37 and horizontally from SNP 1 to SNP 36. 7 showed significant association with RA in both sample sets (SNPs 2, 18, 21, 22 [R620W] , 27, 32, and 35), but R620W was the most significant SNP in sample set 2 ( ; ) (table 1). For five SNPs Ϫ10 P p 3.2 # 10 OR p 1.93 (SNPs 2, 22 [R620W], 27, 32, and 35), the minor-allele frequency was increased in the cases, whereas, for SNPs 18 and 21, the major-allele frequency was increased in the cases.
LD and Haplotype Association
To assess the extent of LD across PTPN22, we calculated D and r 2 values for all SNP pairs, using the 36-marker data from the sample set 1 controls (SNP 9, the rare nonsense SNP, was excluded). The pairwise D values in the PTPN22 gene were near 1 among almost all SNP pairs in our white North American samples (data not shown), and a number of these 36 markers were highly correlated with each other (r 2 values 10.90) (see fig. 1B ). It is interesting to note that the R620W SNP was not completely correlated with any other SNP genotyped in this study (all r 2 values were !0.5). Similar results were seen for the cases from sample set 1 as well as both the cases and controls from sample set 2 (14-marker data) (data not shown).
Ten common (frequency у1%) haplotypes were predicted for sample set 1 by use of data from both the 14-and 36-marker sets; the same 10 haplotypes were observed in sample set 2 (table 3). Of the 10 haplotypes, 6 were at a frequency of 5% or more in the controls. The most common haplotype, haplotype 5, was present at a frequency of ∼35% in sample set 1 controls and ∼30% in sample set 2 controls. The W620 risk allele was found on a single haplotype, haplotype 2, which differs from haplotype 1 at only this SNP.
Next, we assessed the association of these predicted haplotypes with RA by using the frequency data generated for the 14 SNPs (table 3). The overall association between the haplotypes and disease status is highly significant in both sample sets (sample set 1, global P p ; sample set 2, global ). As expected
Ϫ5
.0001 NOTE.-The program SNPHAP was used to estimate common (frequency 1 0.01) haplotypes for 36 of the 37 SNPs genotyped in sample set 1. SNP 9, the nonsense SNP found in one individual, was excluded from this analysis. The global P value was .0001 for sample set 1 and !5EϪ05 for sample set 2. Global P values were estimated from 20,000 simulations following a permutation procedure. Haplotype frequencies in cases and controls and P values were estimated from 14 tagging SNPs (underlined and in bold italics) by use of Haplo.stats. The haplotype frequencies do not sum to 1 because of rare, unlisted haplotypes. a P values were calculated using a permutation procedure (Li 2001) for the haplotype method (Thomson et al. 1988; Valdes and Thomson 1997) .
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from the single-marker data, haplotype 2 (which carries the W620 allele) was significantly increased among cases compared with controls, in both samples (sample set 1, ; sample set 2, ). Haplotype 1,
Ϫ5
P p .001 P ! 5 # 10 which differs from haplotype 2 only at R620W, showed no association with disease in either sample set (sample set 1, ; sample set 2, ). Haplotype 4, P p .59 P p .32 which is uniquely marked by the minor alleles of SNPs 15, 36, and 37, appeared to be increased among cases in both sample sets, although the statistical significance in sample set 2 was marginal ( ). On the other P p .07 hand, haplotype 5, uniquely marked by the minor alleles of SNPs 8, 18, and 21, was significantly decreased among cases in both sample sets (sample set 1, P p ; sample set 2, ). Haplotype 6 was also Ϫ5 5 # 10 P p .01 decreased among cases, compared with controls, in both sample sets, but this association was only significant in sample set 2 ( ).
P ! 5 # 10 The differences in haplotype frequencies between the two sample sets, combined with the lack of replication of some of the haplotype associations, led us to examine first how consistent case haplotype frequencies were between the two studies and then how consistent control haplotype frequencies were. A x 2 test showed no significant differences between cases ( ) but did reveal P p .51 a significant difference between controls in the two studies (
), which appears to be largely driven by P p .015 differences in the frequencies of haplotypes 1, 4, and 5.
Does R620W Explain All the Association Seen with PTPN22?
The known association of the W620 allele with RA, in addition to the strong LD across PTPN22 ( fig. 1B) , may confound our ability to determine which, if any, of the other SNPs in this region are independently associated with susceptibility to RA. Therefore, we used the haplotype method to assess whether the observed association of other PTPN22 markers (table 1) could be explained entirely by LD with R620W. Using the 14-marker data, we applied the haplotype method to both sample sets. Statistical significance, assessed using a permutation procedure, allowed us to reject the null hypothesis that R620W by itself accounts for all the predisposing effects in this region in both data sets (sample set 1, ; sample set 2, ). P p .002 P p .0086
Association of Other PTPN22 SNPs after Adjustment for R620W: The Haplotype Method
Having established that R620W by itself does not account for all the association observed between RA and PTPN22 in both sample sets, we used the haplotype method to identify which SNPs, independent of R620W, were associated with RA. Analysis of the 14-marker data in both samples sets identified three SNPs (SNPs 27, 36, and 37) that were consistently associated with RA (table 4) independent of R620W. These three SNPs represent, at most, two independent associations, since SNPs 36 and 37 are in nearly complete LD ( in sample 2 r p 0.993 set 1 cases and 0.984 in sample set 1 controls), and the minor allele of each is found on a single haplotype, haplotype 4 (table 3) ; consequently, all subsequent analyses used only one of these two SNPs, SNP 37.
Association of PTPN22 SNPs after Adjustment for R620W: CLR
To further investigate the association of SNPs 27 and 37 with risk of RA independent of R620W, we analyzed the genotype data by using CLR. ORs and 95% CIs for each genotype, relative to the major-allele homozygote genotype after adjustment for the R620W SNP, are shown in table 5 along with a trend test to assess overall significance. SNP 37 showed significant association with RA after adjustment for R620W in both data sets (sample set 1, ; sample set 2,
). Evidence of R620W-adjusted RA association for .014 SNP 27 was significant in sample set 1 ( ) P p .002 trend but was marginally significant in sample set 2 (P p trend ). Further adjustment for HLA-DRB1 genotype, the .052 strongest known genetic risk factor for RA (Seldin et al. 1999; Newton et al. 2004) , had little impact on the risk estimates for these two SNPs (data not shown). The substantial risk estimated for heterozygotes suggests that a recessive mode of inheritance is an unlikely explanation for these data.
We also examined the association of R620W with RA after adjusting for these new risk alleles by using CLR When SNPs 27, 37, and R620W were jointly modeled using CLR, no independent effects were obtained in sample set 1, and only R620W remained significant in sample set 2 (data not shown). These results indicate an inability of CLR to resolve evidence for independent effects from SNPs 27 and 37 in the presence of R620W, reflecting the existence of LD among these markers.
Are SNPs 27 and 37 Independent Risk Factors?
The above results suggest that SNPs 27 and 37 are potential disease-predisposing sites independent of R620W. Whereas the SNP 37 risk allele is found on a single common haplotype, haplotype 4, the risk allele of SNP 27 is present on 4 of the 10 common haplotypes (haplotypes 1-4) (table 3), 2 of which (haplotypes 2 and 4) are associated with RA. It is therefore possible that the R620W-independent association observed between SNP 27 and RA is the result of an effect from haplotype 4, which is defined by the SNP 37 risk allele. To test this hypothesis, we again used the haplotype method, and, this time, from the estimation of haplotype frequencies and their analysis via the haplotype method, we were unable to reject the null hypothesis that just two SNPs, R620W and SNP 37, explain the association observed for all three markers (620W, SNP 37, and SNP 27) ( in sample sets 1 and 2). These results suggest P p 1 that SNP 27 and SNP 37 are not mutually independent risk factors and that just W620 and the SNP 37 risk allele together can explain the association observed between these three SNPs and RA.
Do R620W and SNP 37 Explain All the Significant Association between PTPN22 and RA?
To assess whether these two SNPs could explain all the observed association between PTPN22 and RA, we conducted a test of heterogeneity between case and control haplotypes after removing the two haplotypes (haplotypes 2 and 4) uniquely marked by the risk alleles at R620W and SNP 37. This analysis is similar to the RPE method of Payami et al. (1989) . The test of heterogeneity for the remaining eight haplotypes was significant in sample set 2 ( ; ) and was 2 Ϫ4
x p 25.28 P p 6.77 # 10 marginally significant in sample set 1( ; 2 x p 13.19 P p ); however, none of the remaining haplotypes that .07 demonstrated significant differences between cases and controls in sample set 2-haplotypes 6 ( ) and P p .001 8 ( )-was significant in sample set 1 (haplotype P p .002 6, ; haplotype 8, ). These results suggest P p .64 P p .52 that haplotypes 2 and 4 capture the major effects of 3 ). An asterisk (*) indicates all other haplotypes (1, 3, and 5-10).
b ORs were calculated relative to the most common diplotype, C-A/C-A. c The Wald test P value was calculated for each diplotype coefficient.
association between PTPN22 and RA in sample set 1 but not in sample set 2.
To explore the relative effects of each haplotype, we performed a haplotype regression analysis in which the most common haplotype, haplotype 5, was set as the reference group. The results show that haplotype 2 (sample set 1, , ; sample set 2, Ϫ6 P p 7.7 # 10 OR p 2.17 , ) and haplotype 4 (sample Ϫ10 P p 3.9 # 10 OR p 2.11 set 1, , ; sample set 2, Ϫ5 P p 2.5 # 10 OR p 1.86 P p , ) are the most significant and also the .02 OR p 1.26 two major haplotypes that conferred significantly increased risk in both sample sets, relative to haplotype 5. Further adjustment for HLA status had little impact on the risk estimates for haplotype 2 (sample set 1, P p , ; sample set 2, ,
Ϫ4 Ϫ6
5.2 # 10 OR p 1.93 P p 1.2 # 10 ) and haplotype 4 (sample set 1, # OR p 1.94 P p 5.9 , ; sample set 2, ,
Ϫ4 Ϫ3
10 OR p 1.74 P p 3.7 # 10 ). These results provide support for the no-OR p 1.40 tion that haplotypes 2 and 4 are the only RA-risk haplotypes that are significantly associated with RA relative to the most common haplotype (haplotype 5) in both sample sets.
The Combined Effects of R620W and SNP 37 in RA: Diplotype Analysis
To further assess the combined effects of R620W and SNP 37 and their potential predisposition to RA risk, we conducted a diplotype analysis. First, we estimated phase for the alleles at the two sites for each individual, using a Bayesian method (Stephens et al. 2001) implemented in SNPAnalyzer (table 6) . Consistent with the observation that the D value between R620W and SNP 37 is close to 1, only three of the four possible haplotypes were observed; chromosomes with a risk allele at both sites were not seen.
Next, CLR was used to assess association of the inferred diplotypes with RA risk by use of the most common diplotype (C-A/C-A: R620W-SNP 37/R620W-SNP 37), corresponding to the major homozygous (nonrisk) genotypes at both sites, as the reference group (table 6) . When R620W heterozygous genotypes (CT) were subdivided by the presence or absence of the SNP 37 risk allele on the other chromosome, we found, in both sample sets, that the diplotype positive for the SNP 37 risk allele (T-A/C-C) had a higher OR point estimate than that of the diplotype without the SNP 37 risk allele (T-A/C-A) (2.67 vs. 1.78 in sample set 1; 2.40 vs. 2.26 in sample set 2). Diplotypes carrying two copies of the SNP 37 risk allele and no copies of W620 (C-C/C-C) also appear to have increased risk ( and 1.75 in OR p 1.73 sample sets 1 and 2, respectively) relative to the most common diplotype; however, this observation was significant only in sample set 2 (sample set 1, ; P p .1757 sample set 2, ). Diplotypes carrying a single P p .0148 copy of the SNP 37 risk allele and no copies of W620 (C-A/C-C) are at increased risk for RA in sample set 1 ( ; ); however, this was not con-P p .0059 OR p 1.56 firmed in sample set 2 ( ; ). We P p .1529 OR p 1.19 observed similar results after further adjustment for HLA-DRB1 genotypes.
Discussion
Given the genetic and other biological data implicating the minor allele of the PTPN22 R620W SNP as a risk factor for RA and other autoimmune diseases, we wanted to determine whether additional PTPN22 variants were associated with RA, independent of R620W. Accordingly, we sequenced all exons and intron/exon boundaries of PTPN22 as well as 5 and 3 sequences in 48 RF-positive patients with RA and identified 15 previously unreported SNPs, including two cSNPs in the catalytic domain. Using this information and that in public databases, we generated assays for 36 SNPs in or near PTPN22, in addition to R620W, and genotyped them in an RA sample set.
Neither of the two new cSNPs showed significant association with disease in this sample set. The minor allele of R263Q was present on ∼2% of both case and control chromosomes, and, although arginine (R263) is the major allele in humans, glutamine (Q263) appears to be the ancestral allele. Q263 is found in chimpanzees, dogs, rodents, and chickens. The predicted stop codon (X183) lies in the middle of the catalytic domain and likely leads to loss of function; however, it was seen only once in our study, in an individual with RA (existence of this allele was independently confirmed by both sequencing and genotyping). Although this nonsense SNP was not genotyped in our second sample set, we did screen 1,104 individuals from a Dutch earlyarthritis cohort (van Aken et al. 2003 ) and failed to detect it (authors' unpublished results), which suggests that this nonsense SNP is very rare in whites.
Many of the other 34 markers spanning this 58-kb region were strongly associated with RA in this sample set (table 1) , and several markers were also replicated in a second sample set. However, the strong LD across this region, revealed by pairwise D values near 1 (data not shown) and r 2 values 10.8 between some of these SNPs ( fig. 1B ), made it difficult to determine whether these associated SNPs are independent risk factors for RA or are in LD with the known W620 risk allele. To help resolve this issue, we conducted haplotype analyses. The same 10 common haplotypes (frequency 11%) were predicted in both data sets. Comparison of these results with the HapMap data, which predict 6 haplotypes from the 30 CEPH family trios, shows that the minor-allele and haplotype frequencies are noticeably different between the HapMap data and our control samples. For example, haplotype 2, which contains the W620 risk allele and has a frequency of 8%-9% in our control populations, has a frequency of 13.3% in the CEPH samples. Haplotype 5, the most common haplotype in our sample sets, is also the most common haplotype in the HapMap data; however, it is found on 27.5% of the CEPH chromosomes, as opposed to 35% of the control chromosomes in sample set 1 and 29.9% of the control chromosomes in sample set 2. These differences may be due to the smaller sample size used to generate the HapMap data and/or population-based differences. Since the CEPH samples represent a relatively narrow slice of the European gene pool, they may not be representative of all the genetic diversity found in white North Americans. Indeed, evidence is emerging that the frequency of the PTPN22 W620 variant may vary between different European populations, in which it appears to be more frequent in northern than in southern populations (Gregersen 2005; Seldin et al., in press ). Since our controls are individually matched to the cases on the basis of grandparental country of origin, it is unlikely that different ethnicities influenced the diseaseassociation results reported here.
Analysis of the haplotype data (table 3) shows that the lone haplotype carrying the W620 risk allele (haplotype 2) was significantly associated with RA in both sample sets. Haplotype 1, identical at all other SNPs but carrying the R620 allele, was not associated with RA. These results suggest that the increased risk associated with haplotype 2 is unlikely to be explained by the alleles at the other 35 SNPs on this haplotype. Although it is possible that another unknown polymorphism on this haplotype could explain the association with RA, the data presented here, together with the finding that the W620 variant of PTPN22 shows impaired function Bottini et al. 2004) , provide evidence that W620 is a disease-predisposing allele on this haplotype.
We also observed that some variants in this region are associated with RA independent of R620W. Further analyses identified three SNPs (SNPs 27, 36, and 37) that were consistently associated with RA independent of R620W in both sample sets. SNP 36 and 37 are in nearly complete LD (r 2 of ∼1), and the risk alleles of each are found on a single common haplotype (haplotype 4 in table 3) present on ∼15%-18% of control chromosomes, which suggests that they represent a single association. Although we cannot exclude the possibility that SNP 27 is a disease-predisposing locus, its association with RA is not independent of both R620W and SNP 37. Furthermore, our results suggest that R620W and SNP 37 uniquely define two major risk haplotypes in both sample sets that may be sufficient to explain the significant associations of PTPN22 with RA in sample set 1 but not in sample set 2. The residual significant association in sample set 2 after removal of haplotypes 2 and 4 indicates that other haplotypes are required to account for the remaining genetic heterogeneity observed in this sample set.
The diplotype analysis suggests that individuals who are homozygous for the W620-positive haplotype 2 might have an increased risk for RA compared with individuals who carry one copy of haplotype 2, except when the other chromosome carries the risk allele at SNP 37 (i.e., haplotype 4) (table 6). On the basis of the data from sample set 1, we estimated the populationattributable risk percentage (Rothman 2002) for the H2/H2, H2/H4, H4/H4, */H2, and */H4 diplotypes to be 1.7%, 7.8%, 2.9%, 13.3%, and 14.5% respectively, relative to the */* diplotype (where an asterisk [*] indicates haplotypes 1, 3, and 5-10). However, these results should be viewed with caution. Because the 95% CIs for the OR estimates overlapped in our case-control sample sets (table 6), they may not be significantly different. In addition, because these results were obtained from a case-control study design, they should be replicated in large cohort studies to accurately estimate absolute risks associated with these markers and their diplotypes in the general population.
SNPs 36 and 37 are also in near absolute LD with a third SNP (SNP 15) that was not genotyped in the second sample set, and minor alleles of all three SNPs are carried by a single common haplotype, haplotype 4 (table 3). Biologically, SNPs 36 and 37 may be particularly interesting. SNP 36 lies in the 3 UTR of the major PTPN22 transcript and may influence transcript stability and/or balance of the two known alternatively spliced PTPN22 transcripts (Cohen et al. 1999) .
SNP 37 lies 1,496 bases downstream of PTPN22 at the 5 end of the round spermatid basic protein 1 gene (RSBN1), where it encodes either a silent mutation or a putative TFBS, depending on the transcript. RSBN1 is a somewhat unlikely RA-susceptibility candidate gene. Although its function is unknown, its closest homologue in Caenorhabditis elegans, dpy-21, is involved in Xchromosome dosage compensation. This SNP also lies in a putative TFBS for Pax-5, Pax-4, Nrf-1, and c-Myb (TRANSFAC positional weight matrices) (Wingender et al. 2000) . The minor allele at SNP 37 is predicted to change the binding activity for Pax-4 and Pax-5, and, although it lies 3 of PTPN22, it may still regulate expression of that gene. Pax-5 (B-cell-specific activator protein) is required for commitment to the B-lymphoid lineage. In the absence of Pax-5, pro-B cells are capable of differentiating into T cells, macrophages, osteoclasts, dendritic cells, granulocytes, and natural killer cells (Nutt et al. 1999) .
Although these observations are provocative, we must keep in mind the possibility that these SNPs are in LD with a true causal SNP(s), which could reside in PTPN22 or in other genes in the same haplotype block. Although the focus of this work was on variation in the PTPN22 gene, the HapMap data indicate that this gene is found in a region of high LD that extends ∼300 kb and includes six other genes: the 3 end of MAGI3 (encoding a membrane-associated guanylate kinase-related protein), PHTF1 (encoding a putative homeodomain transcription factor), RSBN1 (encoding round spermatid basic protein 1), FLJ22588 (encoding hypothetical protein LOC440603 of unknown function), AP4B1 (encoding adaptor-related protein complex 4, b1 subunit), and the 5 end of DCLRE1B (the DNA cross-link repair 1B gene) (International HapMap Project, 16th release, March 2005) . However, only RSBN1 lies in the same haplotype block predicted by the method of Gabriel et al. (2002) . Given the strong LD between these various SNPs, there is the definite possibility that alternative sites in these other genes may play a role in disease susceptibility, although given what is currently known about the function of these genes, none is as biologically compelling as PTPN22.
In conclusion, we have found that 620W defines one major risk haplotype that is strongly and consistently associated with RA in our two sample sets. These genetic data, along with other biological data Bottini et al. 2004 ), point to W620 as a disease-predisposing allele. Furthermore, we find that alleles of other SNPs in this region that are on a relatively common haplotype are positively associated with RA, independent of R620W. These SNPs and the haplotype on which they are found should be investigated in greater detail in other populations with RA, as well as in populations with other autoimmune diseases that show association with the R620W SNP, to fully elucidate their role in autoimmunity. Finally, it will be of interest to determine whether R620W and these newly defined disease-susceptibility alleles also play a role in the response to specific therapies. 
